article reviews the anatomical, cellular and molecular derangements associated with ME and highlights specific pathways targeted by current treatments.
Introduction
Located in the central retina is the macula, a 5-to 6-mm-diameter region bordered by the vascular arcades and optic nerve, and noted for its yellowish appearance and high concentration of xanthophyll pigments. Within the central macula is the fovea, a small 1.5-mm-diameter area which is densely packed with cone photoreceptors, the specialized neurons that mediate color vision and fine spatial acuity. Any perturbation of the delicate cellular architecture or metabolic and signaling pathways of this precious biologic real estate can have devastating consequences on the quality of vision and life.
Macular edema (ME) is caused by extravasation of fluid and plasma components from blood vessels and/or derangements in cellular ion flux leading to the accumulation of intracellular and intercellular fluid in the outer plexiform and inner retinal layers. Patients suffering from ME present with symptoms of blurred or decreased central vision which can progress over a period of months to years, often with unyielding chronicity. ME common-ly develops secondary to vascular insufficiency in disease states such as diabetic retinopathy (DR), branch and/or central retinal vein occlusion, ocular ischemic syndrome, radiation retinopathy, pseudophakia, age-related macular degeneration, uveitis, retinitis pigmentosa, ocular trauma or drug toxicity. Thus, ME may be considered the anatomic result of numerous pathologic processes that alter the blood flow, vascular integrity and fluidic balance in the neurosensory retina.
Clinical ME Phenotypes
Diabetic ME (DME) is defined by the Early Treatment Diabetic Retinopathy Study as retinal thickening and/or the presence of hard exudates within 1 disk diameter of the central macula. The severity of DME is graded by determining whether the disease parameters meet the criteria for clinically significant ME, defined as retinal thickening within 500 m of the central macula, hard exudates within 500 m of the central macula associated with thickening of the adjacent retina, or retinal thickening greater than 1 disk area within 1 disk diameter of the central macula. The disease phenotype is traditionally classified into focal and diffuse types, an important distinction as treatments vary accordingly. Focal ME is caused by small areas of retinal vascular abnormalities such as microaneurysms, which tend to leak fluid and lipoproteins into the surrounding tissue. In contrast, in the setting of diffuse ME, dilated retinal capillaries and/ or intraretinal microvascular abnormalities allow for the widespread accumulation of intraretinal fluid throughout the macula.
While diabetes is the most common etiology for these clinical findings, other retinal vascular diseases such as those mentioned previously are equally capable of inducing similar retinal changes in focal and/or diffuse ME. Moreover, cystoid ME (CME) may also be associated with these disease states, especially those with robust inflammatory responses. To gain further understanding of the specific cellular changes that result in these various ME phenotypes, the infrastructural design elements of the blood-retinal barrier (BRB) must be addressed.
Biologic Mechanisms and Animal Models in ME
The BRB is anatomically divided into inner and outer partitions: the inner BRB is located at retinal endothelial cell tight junctions, whereas the outer BRB is formed by retinal pigment epithelium (RPE) cell tight junctions. These tight junctions are comprised of the transmembrane proteins occludin and claudin, which are arranged in an organizational network of cytoplasmic proteins [1] along with members of the recently designated junctional adhesion molecule family [2, 3] . Their function is critical to controlling fluid, ion, molecular and cellular flux into the retinal parenchyma [4] . In a simplified model of ME, fluid may accumulate either in the intercellular or the intracellular compartments. It is suggested that intercellular edema is regulated by the integrity of the BRB, whereas intracellular edema is controlled by specific ion and fluid transporters on Müller cells and other neural retinal cell types [5, 6] . These two fluid compartments are closely linked and likely cross-talk; thus, many investigations have focused on dissecting the molecular mechanisms of BRB behavior in order to determine potential pharmacologic targets for ME.
Disruption of the BRB may occur via the upregulation of multiple cytokines, including vascular endothelial growth factor-A (VEGF-A), which results in the phosphorylation of tight junction proteins and subsequent disassembly [7] . Advanced glycosylation end products, a molecular hallmark of diabetes, may also lead to breakdown of the BRB [8] . These events increase vascular permeability, clinically evident as subretinal fluid and ME. In the setting of ocular ischemia and inflammation, breakdown in the retinal endothelial cell tight junctions leads to massive third spacing in the outer plexiform layer of the neural retina, which presents in the clinic as CME. In order to dissect the mechanisms responsible for these varying biologic sequences, several animal models have been designed to approximate the pathobiology of ME in vivo.
Since only a few species such as nonhuman primates have a clinically identifiable macula, and since it is a chronic disease process, a good animal model of ME has proven difficult to recapitulate. There are models of postsurgical ME in monkeys that mimic important features of the human disease, but the model is limited by the cost and feasibility of performing large-scale nonhuman primate studies [9] . It has been shown that diabetic models in small animals including rats and mice also develop breakdown of the BRB, thereby providing systems in which to study molecular mediators of leakage and retinal edema [10, 11] . An alternative approach to inducing ME is to administer intravitreal (IV) injections of recombinant molecular mediators which are suspected to play a part in the process of BRB breakdown. However, the utility of these techniques is limited by the metabolic Kleinman 18 clearance of recombinant proteins and an abbreviated biologic effect of these treatments. Studying the long-term effects of chronic cytokine upregulation requires the use of either sustained-release implants [12] or transgenic animals engineered with altered expression of the protein of interest [13] .
Even with the limited number of animal models available to study ME, an enormous cache of data has been collected and important discoveries have been made. Both interleukin (IL)-1 ␤ and tumor necrosis factor (TNF)-␣ are potent mediators of leukocyte recruitment and BRB leakage in multiple models of ocular inflammation [14, 15] . Further reports demonstrated that with IV administration of TNF-␣ , IL-1 ␤ or IL-8, but not of IL-6, BRB breakdown occurred in rats [16, 17] . VEGF-A is a cytokine that potently induces vascular permeability, an effect that is transduced directly to endothelial cells via VEGF-A receptors or via platelet-activating factor (PAF) [18] . PAF is suggested to increase permeability via VEGF-A [19] , nitric oxide [19] or prostaglandins (PG) [20] .
In the inflammatory pathway, the enzyme phospholipase A 2 (PLA 2 ) causes the release of arachidonic acid (AA) from phospholipids ( fig. 1 ). Subsequently, cyclooxygenase converts AA to PG, which leads to breakdown of the BRB including vasodilation, increased capillary permeability from compromised endothelial tight junctions in the retinal capillaries, and decreased removal of fluid by the RPE [21] . Another product in this inflammatory cascade involves the enzyme 5-lipoxygenase, which alternately converts AA to leukotriene, a chemotactic agent that enhances vascular permeability and leukocyte activation. The pathophysiological role of eicosanoids in the eye is of great interest in ophthalmology because AA metabolites have been implicated in a number of ocular disorders including uveitis, CME and DR [22] . Stromal cellderived factor-1 (SDF-1), a cytokine involved in cellular trafficking and angiogenesis, may also play a major role in the pathology of both ME and proliferative DR (PDR) [23] .
In several studies investigating the aqueous and/or vitreous cytokine profile in patients with ME, an array of molecules was found to be upregulated: VEGF-A [24] , erythropoietin [25] , IL-6 [26] , interferon (IFN)-␥ [27] , hepatocyte growth factor (HGF) [28] , fibroblast growth factor 2 (FGF2) [29] , PGE 2 and carbonic anhydrase (CA) [30] ( table 1 ). Many of these cytokines disrupt tight junctions at the BRB and have been shown to induce retinal leakage in animal models. Transforming growth factor-␤ 1, which is also increased in ME, is released by hyalocytes residing in the vitreous cortex, inducing cellular contraction and biochemical changes in the vitreous [31, 32] . These changes may induce tractional forces on the vitreomacular interface, causing ME via a mechanical mechanism. Other investigators are focused on the imbalance of pro-and antiangiogenic molecules as an important factor in the pathogenetic mechanism of ME. There are data to support this hypothesis as vitreous samples from patients with 19 ME harbored increased VEGF-A accompanied by a reciprocal decrease in pigment epithelium-derived factor or soluble VEGF receptor-1 [28] , both of which are potent antiangiogenic molecules. Still, while rigorous scientific investigation has revealed an array of cytokines and growth factors that may be critical in DME pathogenesis, studying patient responses to varying treatment regimens in the clinic has been equally, if not more, insightful.
Treatment Responses in Patients with ME
The two classical types of laser treatment for ME are focal and grid. Focal laser treatment is used to treat focal ME with the aim of closing leaking microaneurysms. Grid laser treatment is used to treat diffuse ME and is applied to areas of retinal thickening in which there is diffuse leakage with the aim of producing a retinal burn of mild-to-moderate intensity. There have been several recent large studies comparing patient groups either treated with laser or corticosteroids with varying improvements in visual outcomes, depending on the patient's initial presentation, phakic status and whether the ME was refractory [33, 34] . Other studies, some planned for large subject numbers and multicenter involvement, have now extended the treatment groups to compare treatment efficacies between laser photocoagulation, VEGF-A antagonists and corticosteroids.
In a recent study by Paccola et al. [35] , 26 patients were split into treatment groups receiving either IV preservative-free triamcinolone (IV-TA; 4 mg) or bevacizumab (IV-B; 1.25 mg) for refractory DME, and were followed over a period of 6 months. A statistically significant improvement in both central retinal thickness (CRT) and best-corrected visual acuity (BCVA) was evident in both groups compared to baseline. However, the IV-TA group significantly outperformed the IV-B group at weeks 4 through 12 with respect to CRT and BCVA, with only a mild elevation in intraocular pressure and no cataract progression. In another study investigating similar treatment groups with bilateral DME (n = 28 eyes), IV-TA resulted in statistically significant improvement in BCVA and CRT compared to IV-B beginning at 4 weeks and extending to the study termination date at 6 months [36] .
The enhanced treatment response of ME to corticosteroids compared to anti-VEGF-A therapy is not limited to refractory DME. In a study comparing IV-TA to IV-B in ME secondary to branch retinal vein occlusion, corticosteroid therapy had a significantly decreased rate of disease recurrence (7.6 vs. 26.0%) and a longer duration between treatments (12.6 8 6.4 vs. 5.3 8 3.1 months) [37] . To understand why corticosteroid treatment for DME may be advantageous when compared to targeted VEGF-A inhibition, it is necessary to further dissect the cellular and molecular mechanisms of intraretinal fluid accumulation within the retina.
Molecular Mechanisms of VEGF-A-Independent Retinal Vascular Permeability
As previously mentioned, there are many other factors besides VEGF-A that are capable of weakening the BRB and are upregulated in the vitreous of patients with ME. For example, although VEGF-A has a direct effect on vascular permeability, it has been reported that IL-1 ␤ and TNF-␣ can induce leakage independent of a VEGF-A blockade [38] . Therefore, we may presume that targeting VEGF-A alone in the clinical setting may only provide a partial inhibition of vascular leakage and allow other upregulated cytokines to counter the therapeutic efficacy and promote continued disease progression. In DR, the loss of retinal vascular pericytes is suggested to be a major cause of focal areas of BRB breakdown and subsequent vascular leakage. When this occurs, there is extravasation of fluid and circulating inflammatory cells into the retinal layers. The process of leukocyte diapedesis itself induces local changes in postcapillary venule permeability, which may further exacerbate this inflammatory cascade [39] . Site-directed infiltration in areas of BRB breakdown occurs primarily via the expression of leukocyte adhesion proteins including platelet/ endothelial cell adhesion molecule-1, intercellular adhesion molecule (ICAM)-1 and E-selectin [40, 41] . It is known that patients with DR have increased numbers of leukocytes within the retinal vasculature, and that a similar pattern of leukostasis can be prevented in a diabetic animal model via ICAM-1 inhibition [42] . Interestingly, ICAM-1, which is critical to leukocyte transmigration once bound to the endothelium, is selectively upregulated by VEGF-A, whereas P-and E-selectins, which are responsible for leukocyte adhesion during rolling, are not [43] . Yet, there are redundant mechanisms of leukocyte adhesion molecule induction as both IL-1 ␤ and TNF-␣ also upregulate ICAM-1. Thus, a preferred treatment for inhibiting the pathologic processes associated with DME would act upstream of VEGF-A, to reverse not only vascular permeability but also leukocyte adhesion. Corticosteroids would be expected to have increased treatment effects over the anti-VEGF-A compound as they suppress the activation of the inflammatory cascade at the upstream level of PLA 2 and also inhibit leukostasis in the retina in a diabetic animal model [44] through inhibition of leukocyte rolling, adhesion and transmigration. In the clinic, the potent efficacy of corticosteroid therapy is demonstrated by the rapid resolution of ME, although an accompanying gain in BCVA may not occur due to irreversible damage of the neural retinal networks.
There are other highly effective treatments for ME including those that target CA, an enzyme that catalyzes the formation of water by dehydrating bicarbonate in a reversible reaction. CA inhibitors are well tolerated and very useful in patients with CME, often reversing the anatomic features within a matter of a few days. Clinicians and scientists have been intrigued by this remarkable efficacy, and thus the in vivo function of CA has been thoroughly investigated with some fascinating results. Firstly, there are multiple reports that CA inhibition reduces macular leakage and edema, with additional data suggesting that CA inhibitors may increase oxygen tension and the retinal arteriole diameter [30, 45] . In a study by Gao et al. [46] , substantial levels of CA were detected in vitreous samples from patients with inactive PDR as well as moderate-to-severe nonproliferative DR. Upon IV injection of recombinant human CA into rat eyes, frank retinal vascular leakage and edema was evident within 30 min, with areas of focal vascular permeability observed at 48 h. These data were supported by in vivo optical coherence tomography imaging, also demonstrating diffuse retinal edema. In one of the experiments, animals administered both CA and VEGF-A demonstrated an additive effect in the amount of retinal vascular leakage observed. This is an important observation as VEGF-Aindependent leakage may be a significant component of treatment response differentials observed between corticosteroid and anti-VEGF-A therapies.
Several other pathways have been discovered that modulate retinal vascular permeability independent of VEGF-A, including the receptor activator of nuclear factor-B ligand, which acts via a nitric oxide-dependent mechanism [47, 48] . Additionally, HGF, which is increased in vitreous samples from patients with ME, induced retinal vascular permeability via mitogen-activated protein kinase and phosphoinositide 3-kinase signaling cascades independent of VEGF-A [49] . RPE cells can also express HGF, which unravels the zona occludens (ZO-1) tight and adherens junctions that form the outer BRB, leading to decreased transepithelial resistance and fluid shifts in the photoreceptor-RPE interface [50] . In another study, the same capacity for disassembly of the RPE tight junctions was investigated with VEGF-A and anti-VEGF drugs, with the surprising result that these compounds do not disrupt the integrity of this cellular barrier [51] although these data have aroused controversy. All of these data speak to the importance of targeting beyond VEGF-A in order to achieve a maximal therapeutic response when treating ME.
Regulation and Prevention of Retinal Cell Edema and Death
As further molecular resolution has been gained in our understanding of vascular permeability and ME, it has been revealed that not only are the tight junctions of the BRB critical in the maintenance of retinal cell fluid balance, but there are multiple ion and water channels that also must be functioning in order to achieve this target osmolarity required for optimal retinal function. In CME, there are significant alterations in fluid compartmentalization with extreme shifts into Müller cells, resulting in intracellular edema, stretching of the cell body and intercellular cystoid spaces. Aquaporin 4 (AQP4) is an important transmembrane protein found on Müller cells that conducts water through the plasma membrane [52] . In an animal model of ocular ischemia, AQP4 activity caused deleterious fluid shifts in neural retinal cells, thus leading to cell death. Transgenic mice deficient in AQP4 have a significantly improved preservation of retinal function and minimal cell death after identical ischemic insults. Similarly, it has also been reported that retinal vein occlusion can result in caspase-dependent retinal cell apoptosis [53] . Thus, it would seem rational to target AQP4 in order to prevent this process. Interestingly, corticosteroids are able to regulate AQP4 expression and have been shown to decrease AQP4 protein in human neuronal isolates in vitro [54] . Corroborating these data, IV-TA was able to suppress Müller cell swelling associated with ME in multiple animal models [55, 56] . Additionally, there are numerous other studies suggesting that corticosteroids are protective against retinal cell death [57] [58] [59] . Thus, in a current understanding of the pathobiology of ME, we may reasonably conclude that:
• RPE cell monolayer integrity or the vascular barrier can be disrupted by agents other than VEGF-A; • edema and leakage due to inflammation are biochemically distinct from those induced by VEGF-A; • therapy should aim to block permeability induced by both VEGF-A and inflammatory pathways. Corticosteroids which are widely available and safe meet most of these criteria by their in vivo multipronged action ( fig. 2 ) . Firstly, they inhibit PLA 2 and the downstream production of PG and leukotrienes, thereby significantly suppressing AA-mediated inflammation. Secondly, several cytokine and adhesion signaling pathways are inhibited, including ICAM-1, IL-6, VEGF-A and SDF-1, all of which are associated with inflammation, vascular permeability and/or leukostasis. Thirdly, corticosteroids effectively reduce paracellular permeability in critical neural retinal cell types by decreasing AQP4 expression and altering ion and water flux. Furthermore, tight junction integrity is enhanced with corticosteroid treatment, as measured by transepithelial resistance and the presence of normal-appearing ZO-1-positive junctions.
The Unknown Effects of VEGF-A Inhibition
Beyond the rationale presented here and elsewhere that indicates a clinical benefit with the use of IV-TA as well as a scientific explanation for its enhanced biologic activity in the treatment of ME, there is another important area of interest that is currently being studied with anti-VEGF-A therapy. While there has been a huge advance in our fundamental knowledge of VEGF-A signaling and an unprecedented growth in the utilization of VEGF-A inhibitors in the clinic, there have been several studies which point to the role of VEGF-A in the survival of a multitude of retinal cell types. In an initial study, administration of IV or systemic VEGF-A antagonists resulted in retinal ganglion cell apoptosis approximately 8 weeks after treatment in a rat model [60] . Independent follow-up studies showed that endogenous VEGF-A is necessary for Müller and photoreceptor cell survival, and systemic blockade led to apoptosis of these cell types at 2-4 weeks after treatment in a mouse model [61] . In another mouse model, subretinal injection of a lentivirus encoding a VEGF-A antagonist caused significant photoreceptor degeneration at 6 months compared to controls [62] . Lastly, in a very recent study, it was found that a transgenic mouse strain in which the VEGF-A isoforms normally produced by the RPE were ablated developed choriocapillaris degeneration and RPE cell loss, suggesting that VEGF-A carries a survival function in the RPEchoroidal tissues as well as the neural retina [63] .
Many groups have been studying whether similar effects occur in patients receiving frequent anti-VEGF-A treatments for age-related macular degeneration. In a small series of patients followed over the course of a year after treatment with ranibizumab every month for 3 months followed by as-needed dosing, a significant reduction in the mean retinal arteriolar diameter was observed that stabilized by day 90 and persisted after the study endpoint. In another clinical study, it was found that increased numbers of ranibizumab treatments correlated with specific neural retinal dysmorphic features. In this particular study, the inner segment/outer segment photoreceptor junction was often not visible using optical coherence tomography in patients receiving more frequent ranibizumab administrations, suggesting that retinal damage might occur with increased anti-VEGF-A exposure. Finally, in a study analyzing the efficacy of IV-TA versus that of IV-B for central retinal vein occlusion, minor differences in BCVA at 1 year were evident, yet ME did resolve with IV-TA and persisted with IV-B, which was significant at 6 months and persisted at 1 year [64] . However, in this particular study, final BCVA only differed in that 50% more patients lost 2 or more lines in the IV-B group compared to the IV-TA group. At this time, many questions remain as to whether anti-VEGF-A therapy results in a clinically relevant loss of critical retinal cells, but this important issue requires more critical analysis.
Conclusion
ME is the result of the molecular, cellular and anatomic alterations due to the multifactorial nature of retinal vascular diseases. Its pathogenesis involves the contribution of several molecular and physiological processes including inflammation, vascular permeability, angiogenesis and apoptosis. The two mainstays of treatment currently being utilized are grid/focal laser photocoagulation and IV-TA. As of late, many clinicians are resorting to VEGF-A antagonists for refractory cases of ME. Whereas laser treatment suppresses vascular permeability, and VEGF-A blockade inhibits vascular permeability and angiogenesis and likely leads to increased apoptosis, the only current therapy that addresses all of the upstream mechanisms known to be critical to the formation of ME are corticosteroids. Nonetheless, while we continue to challenge ourselves in the pursuit of an improved and targeted therapy to more directly treat the problem, corticosteroids will remain a potent, efficacious and widely available therapy for this epidemic that we are faced with.
